Nonuniform and nonperiodic grooves are used to enhance the transmission and directivity of emissions from a single metallic subwavelength aperture. By using nonuniform and nonperiodic grooves, the amplitude and phase of the diffracted power flow from each groove can be adjusted properly. As a result, the transmission and emission directivity can be further improved when compared to apertures with uniform and periodic grooves. Our experimental results are in good agreement with the finite difference time domain simulation results. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2829799͔
Recently, enhanced transmission and beaming light emission from a subwavelength aperture surrounded by periodic corrugations in a metallic film brought about much attention.
1,2 This phenomenon breaks the limits of homogeneous diffraction and poor transmission through a subwavelength aperture, and might benefit many applications. There were several theoretical and experimental works that discussed the underlying physics and methods to optimize the enhancement of transmission and directional emission. [3] [4] [5] Meanwhile, similar studies were carried out at microwave frequencies. [6] [7] [8] [9] [10] [11] So far, all of the reports on this topic use periodic and uniform grooves, which might be intuitively thought to be the best choice. However, in the present paper, we show that periodic and uniform grooves might not be the best choice for the enhancement transmission and/or directional emission. Instead, by using nonuniform and nonperiodic grooves, the diffracted fields generated from each groove can be adjusted properly, which results in further improved transmission and emission directivity. Figure 1͑a͒ shows a metal ͑aluminum͒ plate ͑thickness t =16 mm͒ with a subwavelength aperture ͑with its width w =2 mm͒. Arrays of grooves are seen on both sides of the plate. All of the grooves have the same width of w = 2 mm, which is equal to the width of the aperture. This structure is similar to the structure in our previous study. 7 In Fig. 1͑b͒ , there are several parameters that determine the depth and position of the grooves. Since the structures studied here are symmetric about the x and z axes, we only depict a quarter of the structures. P i ͑i =1, ... ,5͒ is the position of every groove, while D i is the depth. In the present study, a two-dimensional finite difference time domain simulation is carried out to calculate the transmission spectra by using commercial software ͑FULLWAVE͒. The space and time steps are set at ⌬x = ⌬z = 0.2 mm, and c⌬t = 0.1 mm, respectively, where c is the velocity of light in air. Perfectly matched layer boundary conditions are employed to absorb the waves that are reflected from the calculation boundaries. In the simulation, an electromagnetic ͑EM͒ plane wave with a H field polarized in the y direction is incident from the bottom. After the field passes through the aperture, it emits in the +z direction. The transmission spectrum is evaluated by integrating the power flow along the cross section of the aperture. Moreover, at a specific frequency, we use six power flow probes ͑probes 0-5͒ on the top of the aperture and grooves in order to monitor the amplitude and phase of the power flow contributed by the aperture and each groove. The distance between the probes and grooves is 2 mm. Now, let us consider a structure with grooves that is uniform and periodic. In this structure, the period of the grooves is set to at 16 mm ͑the same period as in our previous study 7 ͒. Now, we set out to find the optimal value of the groove depth
͒, which corresponds to the highest transmission. Figure 2 shows the transmission spectra for structures with different depths, from which it is seen that when D = 3 mm, the transmission spectrum has the highest peak at frequency f = 15.96 GHz. Accordingly, we denote this structure with D = 3 mm as case 1, and summarize its parameters in Table I . In order to understand the characteristics of the enhanced transmission at f = 15.96 GHz, we calculated the amplitudes and phases of the power flows at the z direction that was contributed by the aperture and each groove, the field intensity distribution, and the far field pattern of the emission. Figure 3͑a͒ shows the time-varied power flows that were generated from the aperture and each groove from which we can obtain information of amplitudes and phases. One can see that the power flows vary between positive and negative values, which is the result of the inclusion of vortex waves generated at the surface a͒ Electronic mail: zhaofengli@bilkent.edu.tr. of the plate. 12 However, this did not affect our analysis. From Fig. 3͑a͒ , it can be seen that, if the groove is located farther away from the aperture, the amplitude of the power flow from the same groove is much lower than that of the grooves closer to the aperture. In addition, the phases of the power flows are different from each other. The phase of the power flow from grooves that are farther away from the aperture is more advanced when compared to the phase of the power flow from grooves that are closer to the aperture. Intuitively, one expects that this phase difference will result in a focus on the emission pattern. Figure 4͑a͒ shows the field intensity distribution of the emission field at f = 15.96 GHz. A focus at a distance of approximately 30 cm can be clearly seen, which verifies our expectation. The far field pattern is shown in Fig. 4͑b͒ with a full width at half maximum ͑FWHM͒ of a 9.9°.
Since we have shown that in the structure of case 1, the phases of the power flow generated from the grooves do not match, one can expect an improvement in the transmission and/or directivity of the emission field by designing a structure with uniphase grooves. In order to design such a structure, we adjusted the positions of the grooves based on the structure of case 1 to match the phases of the power flow at each groove for f = 15.96 GHz. During the position adjustment, the depth of the grooves were kept constant. We denote this structure as case 2 and summarize its parameters in Table I . Figure 3͑b͒ shows the time-varied power flows generated from the aperture and each groove. When we compare the results of case 2 ͓Fig. 3͑b͔͒ with that of case 1 ͓Fig. 3͑a͔͒, it can be seen that the phases of the power flow match quite well in case 2. So, the introduction of nonperiodic grooves resulted in a power flow that was phase matched at each groove. However, at the same time, the amplitudes of the power flow declined slightly. This is especially true for grooves that are farther away from the aperture. The decline of the amplitudes will result in lower transmission, just as the data shown in Table I . In fact, this decline can also be seen in the field intensity distribution plotted in Fig. 4͑a͒ at f = 15.96 GHz. Figure 4͑b͒ shows the far field pattern of the emission field. It can be seen that the FWHM reduced to 8.7°c ompared to case 1 of 9.9°. Nonetheless, comparing the far field pattern of cases 1 and 2, one finds that the side lobes of case 2 are higher than case 1. To conclude the structure of case 2, we should say that this structure improved the directivity of the emission field at the cost of transmission efficiency.
We then looked for a structure where we can both improve the transmission and directivity simultaneously. For this purpose, we used nonuniform grooves that have different depths. At a fixed frequency, the grooves with different depths have different diffraction characteristics for an incident EM wave ͑detailed description will be presented elsewhere͒. Let us consider the grooves on the incident side of the metal plate. If we set the grooves near the aperture such that they have lower diffraction ability, it is then possible to allow more energy that is diffracted by the grooves away from the aperture to reach the aperture. Conversely, for the emission side, this, in turn, will result in increased power for the EM waves that can reach the grooves away from the aperture, which can be helpful to narrow the emission beam. Based on the above considerations, we adjusted the depth and the position of the grooves. This structure is denoted as case 3 and the parameters are summarized in Table I . Figure  3͑c͒ shows the time-varied power flows generated from the aperture and each groove. For the phases, it is noteworthy that we did not make it fully match, as in case 2, because we made a trade-off between improving the directivity and suppressing the sidelobe in the far field pattern. By comparing Figs. 3͑c͒ and 3͑a͒, it can be seen that most of the amplitudes of the power flow for case 3 are slightly increased when compared to case 1. This increase of amplitude results in an improved transmission, which is now higher than case 1, as shown by the data in Table I . Figure 4͑a͒ shows the field intensity distribution of the emission field at f = 15.96 GHz, which confirms the improvement of the transmission. The far field pattern is plotted in Fig. 4͑b͒ with its FWHM at 7.2°. It can be seen that the sidelobes are suppressed effectively when compared to case 2. Therefore, we obtained a structure ͑case 3͒ that simultaneously has higher transmission and better directivity than that of case 1. It is well known that the surface wave is the key factor for funneling EM wave through the subwavelength aperture and beaming the wave from the aperture. 3, 4 It is noteworthy that by using a uniform and periodic groove array, the incoming EM wave can be converted into surface waves more efficient than using a nonperiodic one. However, these surface waves will propagate evenly in two opposite directions. Only the surface wave propagating toward the aperture is helpful to the funneling effect, while the surface wave in the opposite direction is mostly wasted. By using a nonuniform and nonperiodic structures, it is possible to increase the surface wave toward the aperture while suppress the surface wave which is leaving the aperture ͑detailed data will be presented elsewhere͒. Consequently, a nonuniform and nonperiodic groove array is possibly more efficient than a uniform and periodic one to enhance transmission through a subwavelength aperture.
To verify the above simulation results, we conducted experiments for the three structures. In the experiment, a HP-8510C network analyzer was used to excite a horn antenna to obtain an incident EM field. Another horn antenna that was connected to the same network analyzer was used to receive and measure the power emitted from the aperture. Since it is difficult to measure the fields in the aperture, we measure the field intensities along the z axis. Figure 5͑a͒ shows the measured data ͑discrete one͒ together with the simulated data ͑solid lines͒. One can see that the experimental data agree well with the simulation results. Figure 5͑b͒ shows the measured far field patterns for the three cases. The FWHMs of cases 1, 2, and 3 are 10.3°, 9.0°, and 7.3°, respectively. The FWHMs of the measured data are slightly larger than the calculated results. This might result from the fact that while the structure and the experiments were made in three dimensions, the simulations were carried out on a two-dimensional structure. Additionally, considering other factors such as the manufacturing precision of the samples, the measurement of far field radiation pattern, etc., the experimental patterns are in good agreement with the calculated results shown in Fig. 4͑b͒ .
In summary, we demonstrated that a uniform and periodic groove structure might not be the best choice for the enhanced transmission and directional emission from a metallic subwavelength aperture. By using a nonuniform and nonperiodic groove structure, it is possible to adjust the amplitudes and phases of the power flows that are generated from each groove properly. As a result, the transmission and directivity can simultaneously be further improved. Our experimental results confirm our simulation results rather well. 5 . ͑Color online͒ ͑a͒ The field intensity along the z axis at a frequency of 15.96 GHz. The solid lines are simulation data, while the discrete dots are measured data. The measured data are normalized by setting the value of case 1 at 180 cm to be equal to the value of simulation. ͑b͒ The measured far field patterns of three case structure. The measured FWHMs of cases 1, 2, and 3 are 10.3°, 9.0°, and 7.3°, respectively.
